Background: In multiple sclerosis (MS), the frequency of hypogammaglobulinemia is unknown. We aimed to evaluate the frequency of reduced immunoglobulin (Ig) concentrations and its association with immunotherapy and disease course in two independent MS cohorts. Methods: In our retrospective cross-sectional study, MS patients and control patients with head or neck pain from Bern University Hospital (Bern, Switzerland) and Eginition University Hospital (Athens, Greece) were included. The lower limits of normal (LLN) for serum Ig concentration were IgG < 700 mg/dl, IgM < 40 mg/dl, and IgA < 70 mg/dl. Mann-Whitney U test, analysis of variance test, and multiple linear regression analysis were employed. Results: In total, 327 MS patients were retrospectively identified (Bern/Athens: n = 226/101). Serum IgG concentrations were frequently under LLN in both MS cohorts (Bern/Athens: 15.5%/14.9%), even when considering only untreated patients (Bern/Athens: 7.9%/8.6%). MS patients (n = 327) were significantly more likely to have IgG concentrations below LLN and below 600 mg/dl in comparison with controls (n = 58) (p = 0.015 and 0.047, respectively). Between both patient groups, no significant differences were found in frequencies of IgA and IgM concentrations under LLN [n (MS patients/ controls): IgA 203/30, IgM 224/24]. Independently of age, secondary progressive MS patients had lower IgG concentrations than relapsing-remitting and primary progressive patients (both: p ⩽ 0.01). After adjusting for sex, age, and disease course, IgG concentrations were lower in patients treated with rituximab (p = 0.001; n = 42/327), intravenous corticosteroids (p < 0.001; n = 16/327), natalizumab (p < 0.001; n = 48/327), and fingolimod (p = 0.003; n = 6/327). Conclusion: Our study demonstrated high prevalence rates of reduced serum IgG concentrations in MS patients with and without disease-modifying treatments. The significance of lower IgG concentrations at the levels noted is unclear considering that infections or interference with antibody production generally occur when IgG levels are much lower, at or below 400 mg/dl. However, the information is useful to monitor IgG levels especially with anti-B-cell therapies and consider IgG substitution when levels drop below 400 mg/dl.
Introduction
In the general population, primary immunodeficiency is a rare disease. The most prevalent forms are immunoglobulin (Ig) M deficiency and IgA deficiency (0.37% and 0.2%, respectively). 1, 2 Regarding patient populations with autoimmune diseases, Ig deficiency appears to be more common because 1.7% of patients with celiac disease and 5.2% of patients with systemic lupus erythematosus had IgA deficiency. 3, 4 In patients with multiple sclerosis (MS), however, the prevalence of hypoimmunoglobulinemia is unknown.
In autoimmune disorders such as celiac disease, Grave's disease, and rheumatoid arthritis, Igs are regarded as pathogenic contributors. [5] [6] [7] Similarly, central nervous system lesion pathology provides evidence for the role of antibodies in MS because lesions pattern II is dominated by complement activation presumably being caused by autoantibodies. 8 Furthermore, the importance of Igs in the diagnostic workup of MS is reflected by the recent introduction of intrathecal cerebrospinal fluid specific oligoclonal bands into the 2017 McDonald criteria to support dissemination in time. [9] [10] [11] In the treatment of MS, therapies targeting CD20 such as ocrelizumab and rituximab are effective immunotherapeutic options. [12] [13] [14] [15] Decreased serum IgG concentrations caused by these therapies may pose an increased risk of infection, which was found in patients with hematologic malignancies or autoimmune diseases, who developed hypogammaglobulinemia while being treated with rituximab. 16 Furthermore, reduced serum IgG concentrations may interfere with standard serological testing as the John Cunningham virus (JCV) antibody index decreased alongside IgG concentrations in patients treated with rituximab. 17 Owing to the potential clinical implications of reduced serum Ig concentrations in MS, our study aimed to evaluate its frequency in two independent European MS cohorts from the University Hospitals in Bern (Switzerland) and Athens (Greece) and to study the association between reduced IgG concentrations, immunotherapy, and MS disease course.
Methods

Study design, participants, and procedure
In our retrospective cross-sectional study, two independent European MS cohorts from the following institutions were analyzed: Bern University Hospital (Bern, Switzerland) and Eginition University Hospital (Athens, Greece). MS patients with available serum Ig concentrations measured between January 2015 and April 2018 were included in this study. At Bern University Hospital, the hospital-wide computer program identified electronically all MS patients with available Ig concentrations regardless of immunotherapy. At Eginition University Hospital, all MS patients with natalizumab treatment or without disease-modifying therapy were identified using a manual registry and the patient records were manually checked for available Ig concentrations. Furthermore, we used a control cohort consisting of patients with head or neck pain and available Ig concentrations sampled between January 2016 and April 2019. At both institutions, medical records were evaluated retrospectively. Serum Ig concentrations were analyzed in the respective main laboratories using the c502 module of Cobas 8000 (Roche; Basel, Switzerland) in Bern and Behring Nephelometer II (Behring; Marburg, Germany) in Athens. In the case of multiple Ig measurements, the most recent serum Ig sample was used for the analysis. With reference to treatment status, patients were indexed as having received corticosteroids if administered intravenously ⩽4 weeks before blood sampling. All data were acquired during routine clinical practice. The respective ethics committees approved the analyses conducted in Bern (registration no. KEK-BE 2017-01369) and Athens (registration no. 511; 12.07.2018). The following cut-offs were used to define the lower limit of normal (LLN) of Ig concentrations: IgG < 700 mg/dl, IgM < 40 mg/dl, and IgA < 70 mg/dl. 18 
Statistical analysis
Data of both MS cohorts were pooled for the analysis of the effects of immunotherapy and MS disease course on serum IgG concentrations and for the comparison between MS and control patients. In all other analyses, both MS cohorts were investigated separately. Continuous variables are expressed as median and 25th to 75th percentile. If continuous variables are classified into different groups (e.g. IgG concentrations under the LLN), they are expressed as frequencies. The Mann-Whitney U test (MWU) was employed to identify differences between two independent groups. If more than two groups were compared, the analysis of variance (ANOVA) with Dunn's multiple comparison test was used.
To investigate the effect of immunotherapy on serum IgG concentration, linear regression analyses were performed with IgG concentration as the dependent variable and immunotherapy as the journals.sagepub.com/home/tan 3 independent variable. These analyses were adjusted for sex, age at serum Ig sampling, and MS disease course. As each regression analysis was performed for seven different treatment conditions, p values were adjusted for multiple comparisons following Bonferroni's procedure. Therefore, a p value of <0.007 was defined to be significant. In all other analyses, a p value of <0.05 was defined to demonstrate a significant finding. Spearman's Rho correlation was employed to investigate the correlation between treatment duration and IgG concentration.
Results
In total, 327 MS patients were included in this study (Bern: n = 226, Athens: n = 101 1(a) ).
Employing the univariate ANOVA, we found that patients treated with rituximab, intravenous corticosteroids, natalizumab, and fingolimod had significantly lower serum IgG concentrations than untreated patients (Figure 1(b) ). The multiple linear regression analyses confirmed the significant effects of rituximab [coefficient: -1.38, 95% confidence interval (CI) -2.18 to -0.57, p = 0.001, n = 42/327], intravenous corticosteroids (coefficient: -2.09, 95% CI: -3.22 to -0.96, p < 0.001, n = 16/327), natalizumab (coefficient: -1.57, 95% CI: -2.28 to -0.86, p < 0.001, n = 48/327), and fingolimod (coefficient: -2.68, 95% CI: -4.41 to -0.95, p = 0.003, n = 6/327) on serum IgG concentrations. However, none of the immunotherapies showed significant correlations between treatment duration and IgG concentrations (supplementary table) . with the clinically isolated syndrome (n = 20) compared with healthy controls (n = 10). 19 In that study, however, no significant differences in IgG concentrations were found between MS patients and healthy controls, which could be explained by the relatively small number of MS patients included (n = 8). 19 In our study, SPMS patients had lower IgG concentrations than RRMS and PPMS patients, which could be related to the older age of SPMS compared with RRMS patients (p < 0.001). However, since this age difference was not significant when comparing SPMS with PPMS patients and since we found only a weak correlation coefficient between age and serum IgG concentration in MS patients (Pearson correlation coefficient: r = -0.11, p = 0.046, n = 327), the influence of age does not appear to sufficiently explain the difference in IgG concentrations between disease courses. In addition to age, the difference in immunotherapies may also be an influencing factor. Nevertheless, when considering only RRMS and SPMS patients without disease-modifying treatment (n = 179 and n = 8, respectively), the significant difference in IgG concentrations remained present despite the small sample size in the SPMS group (MWU: p ⩽ 0.001).
Discussion
Furthermore, we demonstrated that rituximab treatment was significantly associated with lower serum IgG concentrations in comparison with untreated MS patients, which is in line with a phase II, double-blind trial involving RRMS patients, in which rituximab treatment was associated with a higher rate of reduced Ig concentrations (7.9%) than placebo (3%). 15 In addition to predisposing to infections, another clinical implication of low serum IgG concentrations is falsenegative antibody testing during rituximab therapy, which was reported recently. 17 During rituximab therapy, not only IgG concentrations but also the JCV antibody index decreased. 17 Since reduced serum IgG concentrations may lead to false-negative JCV antibody index test results in patients treated with anti-CD20 therapies, this assay must be interpreted cautiously when assessing PML risk, for example, when planning to switch from anti-CD20 therapies to natalizumab.
Furthermore, we demonstrated reduced serum IgG concentrations in MS patients treated with natalizumab in comparison with untreated MS patients, which is consistent with a previous study. 20 A pathophysiological explanation may be that natalizumab impairs B-cell differentiation into plasma cells, which consequently decreases Ig synthesis. 21 Finally, our finding that intravenous corticosteroids reduce serum IgG concentration is in line with previous studies. 22, 23 In healthy volunteers exposed to 96 mg of methylprednisolone for 3-5 days, a 22% reduction of serum IgG concentration was observed within 2-4 weeks after drug administration. 23 In our MS cohort, 1/327 (0.31%) patients had CVID as comorbidity. The frequency of CVID in our MS patient cohort exceeds the CVID prevalence in the general population by 31-to 310fold, which is estimated between 1:10,000 (0.01%) and 1:100,000 (0.001%). 24 However, since the patient number is low and, therefore, chance could be an important confounding factor, this finding needs re-evaluation in larger MS cohorts.
The strength of our study is the use of two independent MS cohorts with corroborating results. Furthermore, a high number of patients without disease-modifying treatments were investigated permitting the hypothesis that reduced IgG concentrations could be genuinely associated with MS. A limitation of our study, however, is the heterogeneous distribution of immunotherapies between both centers, which can cause a center related inclusion bias. Missing data on antibody testing and the incidence of infections is another weakness of our study, which limits the clinical significance of our findings and should be addressed in future studies. Furthermore, only 16 patients treated with oral disease-modifying drugs were included. This small patient number prohibits drawing final conclusions in this patient population.
Altogether, our study demonstrated high prevalence rates of reduced serum IgG concentrations in MS patients with and without disease-modifying treatments. Interpretation of antibody levels in MS patients has not been studied extensively and is, therefore, mostly a case based decision. Nonetheless, some recommendations from other conditions and diseases may be useful. Agarwal and Cunningham-Rundles argue that adequate amounts of antibodies for the successful immune response to pathogens are still available if antibody responses of patients with mild to moderate reductions in IgG concentrations (300-600 mg/ dl) are normal. 25 In MS patients, the significance of lower IgG concentrations at the levels demonstrated in our study is unclear considering that infections or interference with antibody production generally occur when IgG levels are much lower, at or below 400 mg/dl. However, the information is useful to monitor IgG levels especially with anti-B-cell therapies and consider IgG substitution when the levels drop below 400 mg/dl.
